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I first emphasize the importance of searching for nucleon decay in the context of supersymmetric models. The
status of minimal SUSY SU(5) model is reviewed, which can be definitively ruled out by a combination of
superKamiokande and LEP-2 experiments. Non-minimal models may provide some suppression in the nucleon
decay rates, but there is still a good chance for superKamiokande. I point out that the operators suppressed
even by the Planck-scale are too large. We need a suppression mechanism for the operators at the level of 10~7,
and the mechanism, I argue, may well be a flavor symmetry. A particular example predicts p — K% to be the

dominant mode which does not arise in GUT models.

1 Introduction

Now superKamiokande is up and running very
welll This is the good news which we heard at
this conference. And it is expected to extend the
reach on nucleon decay by more than an order of
magnitude. My talk is devoted to discuss the fol-
lowing questions about the nucleon decay in the
context of suprsymmetric models. How important
is it to look for nucleon decay? What decay modes
are expected or interesting? What is the current
status of various models which predict nucleon de-
cay?

2 Why Nucleon Decay?

Here I would like to remind you why it is so im-
portant and exciting to look for nucleon decay ex-
perimentally.

There are at least three reasons why nucle-
ons may decay. First, we have seen a dramatic
success of supersymmetric grand unified theory
(SUSY-GUT) in predicting sin®fy,. If we take
this hint seriously, we expect to see nucleon de-
cay since SUSY-GUTs predict nucleon decay at
an observable rate. Second, the quantum gravity
effects are believed to break any global symme-
tries, and hence the baryon and/or lepton numbers
are also likely to be broken. Third, we know that
our Universe is dominantly made up of baryons
rather than anti-baryons with a possible exception

inside the Tevatron ring. If we would like to un-
derstand this asymmetry as a result of dynamics
in the Early Universe, there must be interactions
which violate baryon number conservation which
were effective at high temperatures.

I must admit none of the above arguments
are without loopholes. First motivation based on
the apparent gauge unification may not necessarily
mean that there is a field theoretical grand unifi-
cation. It may be explained by, for instance, string
unification where you do not have a simple large
gauge group into which the standard model gauge
groups are embedded. The second argument may
not necessarily imply the existence of nucleon de-
cay process. The baryon number may be effec-
tively preserved due to gauge symmetries, ehther
continugus (such as gauged U(1)p symmetryH) or
discreted which are stable against quantum grav-
itational effects. Finally, the last motivation may
be void if the cosmic baryon asymmetry is gen-
erated due to the sphaleron effect from the pri-
mordial lepton asymmetry, which may be gener-
ated due to the decay of riﬁht—handed neutrinosE
or Affleck—Dine mechanism

However, I should also emphasize the follow-
ing simple fact which by itself makes the search
for nucleon decay very interesting in the super-
symmetric models. We are probing physics at ex-
tremely high energy scales by looking for nucleon
decay. In particular, the current limit on nucleon
decay has a sensitivity up to 1026 GeV! Of course
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it does not make much sense to talk about such a
scale much beyond the Planck scale. I will explain
below where this scale comes from. In any case,
such an extreme sensitivity to high-energy physics
is hard to beat by any other means, and this is
what makes the nucleon decay such an interesting
process to look for.

3 D=5orD=6

Let me briefly discuss the “classic” prediction of a
grand unified theory how a nucleon might decay.
In SU(5) GUT, the standard model gauge groups
are embedded into a simple SU(5) group which has
additional gauge bosons beyond those in the stan-
dard model. The additional gauge bosons mediate
a process such as uu — eTd. This process can be
effectively described by a D = 6 four-fermion op-
erator

1
L= Wuude7 (1)

where M is a high mass scale such as the GUT-
scale. By adding another down quark as a specta-
tor to this process, one obtains a decay p — et 7C.
The current lower limit on proton partial life-
time implies the GUT-scale must be larger than
1.5 x 10'® GeV where I estimated the bound con-
servatively using formulae given inH Because the
operator has a suppression by two powers of a high
mass scale, the proton decay rate is given roughly
by I ~ m)/M* and suppressed by the fourth
power. It is not easy to extend the reach to higher
mass scale in this case.

On the other hand, supersymmetric models
tend to have operators which mediate nucleon de-
cay with less suppression by a high mass scale,
such as

A ~
= — Nl 2
L 2719 (2)

with A\ a coupling constant. This type of operators
has D = 5 and they are called D = 5 operators.
The squark/slepton created virtually by this type
of operators must be converted to quark/lepton by
an exchange of gauginos to let a nucleon decay. As
a result, the nucleon decay rate is given roughly
by T ~ X2mj /M?/m%;; gy Since it is suppressed
only by two powers in a high mass scale, we can
probe much higher M with these operators. In
fact, if we take A ~ 1, and by doing an extremely
conservative analysis as the one which I will de-
scribe shortly in the case of minimal SUSY SU(5)

GUT, one obtains a lower bound on M:
M > 8 x 10% GeV. (3)

Possible existence of such a D = 5 operator
was first pointed out in the context of SUSY-
GUTH When the standard model gauge groups
are embedded into SU(5), the Higgs doublets H
which break the electroweak symmetry are embed-
ded into 5 and 5* representations of SU(5) which
contain color-triplet Higgs bosons Hc. They fur-
ther have their fermionic partners He due to su-
persymmetry. The exchange of color-triplet Hig-
gsinos generate operators suppressed only by one
power in Mgyt because of the fermion propagator
~ i/(p— M). Since the couplings of color-triplet
Higgsinos to (s)quarks and (s)leptons are related
to those of color-triplet Higgs bosons by super-
symmetry and further to those of Higgs doublets
by SU(5), we know the strengths of the couplings
rather well. The most important D = 5 operator
has a coefficient A\cA; sin 0o /My, where Ac, As are
the Yukawa couplings of charm and strange quarks
to the standard Higgs bosons and 8¢ the Cabbibo
angle. Therefore we can make precise predictions
of nucleon decay rate in this situation for given
values of Mp,..

On the other hand, the quantum gravity effect
may well generate effective non-renormalizable op-
erators if they break global baryon and/or lepton
number symmetry. They are likely to be sup-
pressed by powers in the reduced Planck scale
M, = Mp;/ V/87 because they are quantum grav-
ity effects. They may arise also due to the ex-
change of heavy string states. Unless there is a
reason for a suppression, we expect the coefficient
of a D =5 operator to be 1/M, in this case.

I will discuss the consequence of D = 5 oper-
ators of GUT- and Planck-scale origin separately
in the following sections.

Whatever the origin of a D = 5 operator is,
there are a couple of characteristics common to nu-
cleon decay via D = 5 operators. (1) It is sensitive
to extremely high energy scales, as already men-
tioned above. Actually it is a phenomenological
disaster if there is an operator with a coefficient
of order 1/M,. Therefore, the current bound is
already putting constraints on the physics at the
Planck scale. (2) The final states of nucleon decays
(almost) always involve kaons, either K+ or K.
This is due to the flavor SU(3) symmetry property



Table 1: Relative decay rates of nucleons in the Minimal
SUSY SU(5)-GUT assuming there is no accidental cancel-
lation in the amplitudes.

p— K*p, | nty, | Kou* KVt
rel. rates 1 0.49 | 0.00069 | 2.1-10-6
n — KODH woﬂu
rel. rates 1.8 0.24

of D = 5 operators. There is no D = 5 operator
which consists of the first generation fields only;
it identically vanishes. The quark which is not
in the first generation but still light enough to be
able to appear in the nucleon decay is the strange
quark. (3) The rate depends on the superparticle
spectrum, such as masses of squarks, sleptons and
wino.

4 Minimal SUSY SU(5)

The nuclEon decay rate can be worked out quans
titatively® in the Minimal SUSY SU(5)-GUT
As explained already, the D = 5 operators
arise because of the exchange of the color-triplet
Higgs(ino), and the dominant operator has the co-
efficient Ac\g sin 0 /Mp,.. There are four types of
parameters which enter the calculation. (1) The
Yukawa couplings A. and As; are known up to the
dependence on tan 3. The amplitude is propor-
tional to 1/ sin 23 which grows with tan 5. (2) The
mass of the color-triplet Higgs Mpy, can be ac-
tually determined from the low-energy data only,
namely the gauge coupling constants measured by
LEP. At the one-loop leyel, it can be determined
by the following formula\ﬁ

(Bay ' — 203" —ay ) (mz)

1 /12 M
= (2B 9y, TSUSY ) (4)
2 \ 5 myz mz

The largest uncertainty is in ag(mz), and there-
fore we put bounds as a function of az(mgz).
In practice, I use two-loop renormalization group
equations. Note the positive correlation between
az(mz) and Mp,: the decay rate is larger for
smaller ag(mz). (3) We choose the most conser-
vative choice of the superparticle mass spectrum
which gives the smallest nucleon decay rate. The

amplitude is proportional to Mg/mg, and we take
My ~ 45 GeV and mg ~ 1 TeV. (4) The matrix
element 3 of the operator between a nucleon and
a meson is not well kngwn. The estimates vary
as 3 = 0.003-0.03 GeV3H We again take the most
conservative one 3 = 0.003 GeV3. (5) We use the
subdominant decay mode n — woﬂu instead of the
dominant one n — K0, because there might be
a partial cancellation in the amplitude between a
diagram with charm (s)quark and one with top
(s)quark™ For the case without such a cancella-
tion, the relative decay ratios are given in the Ta-
ble fi.

Based on very conservative assumptions
as describe above, the allowed region in
(tan 3, a3(mz)) plane is given in Fig. [|. The ex-
perimental limit on nucleon decay puts a lower
bound on My, which is translated into the lower
limit on a3(mz) using the correlation. The bound
is tighter for larger tan 3 because the amplitude
grows. The two-sigma band of ag(mz) = 0.118 +
0.003 is shown. For a comparison, the preferred
range from b-7 Yukawa unification is also shown
for m; = 176 GeV. They actually barely overlap
for smaller m;. The expected improvements by
superKamiokande (dashed) and further by LEP-
2 (dotted) are also shown. (An improved lower
limit on M5y from LEP-2 would make the am-
plitude larger ~ Mg/mg.) The Minimal SUSY
SU(5)-GUT can be definitively excluded by these

experiments.

5 Non-minimal SUSY-GUT

There are many good reasons to discuss extensions
of the minimal SUSY SU(5) GUT. Among them,
there are two points directly relevant to the nu-
cleon decay. (1) The triplet-doublet splitting prob-
lem. In minimal SUSY SU(5) GUT, one needs
to fine-tune independent parameters at the level
of 10714 to keep Higgs doublets light while mak-
ing the color-triplet Higgs heavy. (2) The wrong
fermion mass relations. It predicts m, = m, and
mgq = m, at the GUT-scale, which are off from
the phenomenologically preferred Georgi—Jarlskog
relations ms, = m, /3, mq = 3me,.

Solutions to the above-mentioned problems
modify the predicted rate and branching ratios of
the nucleon decay. One possible attempt to ob-
tain Georgi—Jarlskog relations is to use the SU(5)-
adjoint Higgs to construct an effective 45 Higgs
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Figure 1: Excluded region on (tan 8, az(mz)) space from

nucleon decay based on very conservative assumptions as

described in the text. Expected improvements from su-

perKamiokande and LEP-2 are also shown. The range

shown for az(mz) from PDG96 is two sigma range. The

preferred region from b — 7 unification is also shown for
me = 176 GeV.

doublets as composites of ordinary Higgs doublets
in 5 and the adjoint. This modification leads to
a factor-of-two enhancement in the amplitude; a
factor of four in the rateld The relative branching
ratios can be also different. It remains true that
the K+ OD modes are the dominant ones, while
the KOut mode may 1ch less suppressed than
in the minimal SU(5 @

There are various proposals to solve the
triplet-doublet splitting problem, which lead to
completely different nucleon decay phenomenol-
ogy. I discuss thre f them here. (1) The miss-
ing partner mode ) Dimopoulos—Wilczek—
Srednicki mechanism and (3) flipped SU(5)
model

In the missing partner model, one employs 75
representation to break SU(5) instead of the ad-
joint 24, and further introduces 50 and 50* repre-
sentations which mix with the color-triplet Higgs
to make them massive. Since the model involves
such large representations, the size of the GUT-
scale threshold corrections are significantly larger
than that in the minimal model. And the cor-
rection changes the determination of the color-
triplet Higgs mass as done in Eq. (E)7 and the
measured values of the gauge coupling constan@
prefer larger My, than in the minimal model
In this case the proton decay rates are much more
suppressed, by a few orders of magnitudes. One

drawback of the model is that it becomes non-
perturbative well below the Planck scale due to
large representations and one needs to complicate
the model further to keep it perturbativeld It is
worth to recall that the minimal SU(5) model is
marginally allowed only with very conservative as-
sumptions made in the previous section. Even
though there is an additional suppression to the
proton decay rate in this class of models, the de-
cay rate may still well be within the reach of su-
perKamiokande experiment.

The mechanism proposed by Dimopou-
los, Wilczek and further by Srednicki em-
ploys SO(10) unification with Higgs fields in
adjoint and symmetric tensor representations
which naturally keep Higgs doublets light.
However, their model breaks SO(10) only to
SU(3)xSU(2),xSU(2)gxU(1)p—r and has to be
extended to achieve the desired symmetry break-
ing down to the standard model gaugﬁroup. One
of such extensions by Babu and Barrtd eliminates
D = 5 operators entirely; but it involves rather
complicated Higgs sector, and one needs to forbid
some allowed interactions in the superpotential ar-
bitrarily. A later attemptd to guarantee the spe-
cial form of the superpotential by symmetries did
not eliminate the D = 5 operators entirely, but
resulted in a weak suppression of the operators.
Again in view of the very marginal situation in the
minimal model, the decay rate could be within the
reach of the superKamiokande.

The flipped SU(5) model solves the triplet-
doublet splitting problem in a way that it also
eliminates the D = 5 operators entirely. A possi-
ble problem with this model is that the gauge uni-
fication becomes more or less an accident rather
than a prediction. On the other hand, the elimi-
nation of the D = 5 operator is a natural conse-
quence of the structure of the Higgs sector, and
is rather a robust prediction of the model except
the Planck-scale effects which will be discussed be-
low. An interesting feature of the model is that
the GUT-scale is determined by as and a3 and
hence can be lower than the scale in the min-
imal SU(5) which is determined by as and a;.
Since the model does not predict the relation be-
tween a1 and agy(s), @1 does not need to meet
with the other coupling constants at the same
scale. Therefore, the GUT-scale can be as low
as MEPPed — 490 x 10" GeV. If the Mgy is at
the low side within this range, the D = 6 operator



may be observable in the 70™ mode@ since the
superKamiokande is expected to extend the reach
by a factor of 20.

6 Planck-scale Operators

As T mentioned at the beginning of the talk, the
Planck-scale effects may generate D = 5 op-
erators suppressed by the reduced Planck scale
M, =2 x 10'® GeV. Even when there is no color-
triplet Higgs, such as in string compactifications
which breaks the gauge group down to the stan-
dard model (with possible U(1) factors) directly,
the higher string excitations may give rise to ef-
fective non-renormalizable D = 5 operators which
break baryon- and/or lepton-number symmetries.
For D = 5 operators which involve first- and
second-generation fields, 1/M, suppression is far
from enough: one needs a coupling constant of or-
der 1077 to keep the nucleons stable enough as
required by experiments.

It is a serious question in supersymmetry phe-
nomenology why the Planck-scale D = 5 operators
are so much suppressed. FEven though there are
ways to forhid them by employing discrete gauge
symmetriesE I prefer a different type of solution:
the D = 5 operators are suppressed because of the
same reason why the Yukawa couplings of light
generations are suppressedkd One way to under-
stand why the Yukawa couplings are so small, such
as 1076 for the case of the electron, may be a nat-
ural consequence of an approximate flavor sym-
metry. If a flavor symmetry exists and is only
weakly broken to explain smallness of the Yukawa
couplings, the same flavor symmetry can well sup-
pre@ the D = 5 operators at the Planck-scale.
Wekd speculated that the D = 5 operators with
such a flavor origin may have very different flavor
structure from those in the GUT models, and may
lead to quite different decay modes like p — K%*.

Hall and myself constructed a model with
(S3)% symmetr in which the hierarchical
Yukawa matrices can be understood as a conse-
quence of sequential breaking of the flavor symme-
try while the symmetry preserves sufficient degen-
eracy among the squarks and sleptons to suppress
flavor-changing neutral currents. It happened that
the flavor symmetry in this model also suppresses
D = 5 operators to the level of about 1/9 of the
minimal SU(5)model, so that it can well be within
the reach of superKamiokandekd What is partic-

ularly interesting in this model is that it predicts
p — K%T as the dominant mode over the K17,
while n — K97, is the dominant mode in neutron
decay with a comparable rate.

Finally, I would like to make a brief com-
ment on the R-parity. The R-parity is usually
imposed on supersymmetric models as means to
forbid dangerous D = 4 (!) operators which break
baryon- or lepton-numbers. Indeed, such opera-
tors must be highly suppressed < 10713 if both
B- and L-violating operators are present. How-
ever, a flavor symmetry may suppress these oper-
ators drastically wellE and explicit examples
were constructedg

7 Conclusion

I reminded you the importance of search for nu-
cleon decay in the context of supersymmetric theo-
ries. Contrary to the non-supersymmetric models,
nucleon decay probes physics even at the Planck-
scale because of possible D = 5 operators. In fact,
the current limit requires the scale of baryon num-
ber violation to be larger than 10%* GeV or more
if the operators are unsuppressed. We expect K
modes to be dominant in many supersymmetric
models.

The minimal SUSY SU(5)-GUT is nearly ex-
cluded by a combination of az(mz) prediction and
the nucleon decay, and will be definitively with su-
perKamiokande and LEP-2. Non-minimal GUT
models may suppress the nucleon decay rates, but
still the rates could be within the reach of su-
perKamiokande. A dark horse example is the
flipped SU(5) model which may give %% mode
at an observable rate.

Since the Planck-scale operators give nucleon
decay rates which are too large, one needs a sup-
pression mechanism. I argued that a flavor sym-
metry is a likely mechanism to provide an ade-
quate suppression of the D = 5 operators, and
they may give rise to exotic decay modes like K%*
which do not arise in GUT models.
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